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This  r e p o r t  p r e s e n t s  t h e  work performed under Con t rac t  NAS8-5442, 

" P r e s s u r e  P r e d i c t i o n  Methods f o r  Low Flow R a d i a l  Impel le rs . ' '  The program 

c o n s i s t e d  o f  expe r imen ta l  t e s t s  and a n a l y s i s  t o  d e r i v e  a n  a c c u r a t e  method 

f o r  p r e d i c t i n g  t h e  p r e s s u r e  d i s t r i b u t i o n  a long  r a d i a l - b l a d e d  and smOoth 

r o t a t i n g  d i s k s  o p e r a t i n g  wi th  l i t t l e  o r  no m e r i d i o n a l  f low. 

Using water as t h e  t e s t  f l u i d ,  t e s t s  were conducted on a test  appar- 

a t u s  wi th  a n  11-inch d iameter  r o t o r  ove r  a r ange  of  r o t o r - t o - c a s i n g  a x i a l  

c l e a r a n c e s  from 0.125 t o  0.040 inch. Flow c o e f f i c i e n t s  from z e r o  t o  0.02 

and speeds from 2000 t o  8000 rpm were i n v e s t i g a t e d .  F i v e  r o t o r  conf igu r -  

a t i o n s  were s t u d i e d :  (1) twenty-four  b l a d e s ,  0.125 i nches  h i g h ,  (2) 

twenty- four  b l ades ,  0.250 i n c h  h igh ,  (3) twelve b l a d e s ,  0.125 i n c h  h i g h ,  

(4) s i x  b l ades ,  0.125 i nch  h igh ,  and (5) a smooth d i s k .  

P r e s s u r e  d a t a  a t  s e v e r a l  r a d i a l  s t a t i o n s ,  t o r q u e  d a t a ,  and high-  

f requency b lade- to-b lade  p r e s s u r e  d a t a  were t a k e n  a t  v a r i o u s  f lows and 

speeds  f o r  t h e  s p e c i f i e d  c o n f i g u r a t i o n s .  Methods were d e r i v e d  from t h e  

d a t a  t o  e n a b l e  a more a c c u r a t e  p r e d i c t i o n  of  p r e s s u r e  d i s t r i b u t i o n  t h a n  

have p r e v i o u s l y  been available.  A comparison o f  t h e  a p p l i c a b l e  p r e d i c t i o n  

methods wi th  expe r imen ta l  d a t a  from a n  e x i s t i n g  h i g h  p r e s s u r e  l i q u i d  

oxygen pump i s  p r e s e n t e d .  

v i  
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SECTION I 
INTRO DUCT1 ON 

A x i a l  t h r u s t  unbalance o f  t h e  pump r o t o r  was a major problem area 

encountered  i n  t es t s  of h igh  p res su re  hydrogen and oxygen c e n t r i f u g a l  

turbopumps conducted a t  t h e  P r a t t  & Whitney A i r c r a f t  F l o r i d a  Research 

and Development Center .  T h i s  problem developed because of  t h e  inaccuracy  

o f  a v a i l a b l e  methods f o r  p r e d i c t i n g  t h e  d i s t r i b u t i o n  o f  p r e s s u r e  and t h e  

r e s u l t i n g  t h r u s t  l oads  f o r  t h e  low-flow r e a r  f a c e s  of  t h e  i m p e l l e r s .  

P r e s s u r e  d i s t r i b u t i o n  and t h r u s t  ba lance  o f  r o t a t i n g  machinery i s  n o t  

a new s u b j e c t .  One of  t h e  f i r s t  papers  t o  appear  i n  the l i t e r a t u r e  w a s  

one by A. J. Stepanoff  i n  1932 (Reference 1). I n  h i s  p a p e r ,  S tepanoff  

p r e s e n t e d  an  e q u a t i o n  r e l a t i n g  t o  p r e s s u r e  d i s t r i b u t i o n  a long  a n  impe l l e r  

back f a c e  where t h e  mer id iona l  f low was cons ide red  t o  be ze ro .  A. J. Acos ta  

r e p o r t e d  in Reference  4 a s tudy  where h e  compared expe r imen ta l  d a t a  wi th  a 

two-dimensional a n a l y s i s  f o r  f low through a n  enc losed  vane  passage  oper- 

a t i n g  a t  r e l a t i v e l y  low f low r a t e s .  

Unfo r tuna te ly ,  t h e  r e s u l t s  d i scussed  by t h e s e  and o t h e r  i n v e s t i g a t o r s  

are n o t  d i r e c t l y  a p p l i c a b l e  t o  high p r e s s u r e  turbopumps. 

s tudy  w a s  conducted f o r  f low c o e f f i c i e n t s  of  z e r o ,  o r  i n  o t h e r  words f o r  

no m e r i d i o n a l  f low. The h igh  b r e s s u r e  pump r o l l i n g  element  bea r ings  are 

coo led  by t h e  p a r t i c u l a r  p r o p e l l a n t  being pumped. S ince  t h i s  coo lan t  i s  

s u p p l i e d  from t h e  rear f a c e s  o f  t h e  i m p e l l e r s ,  t h e r e  i s  a r e s u l t a n t  f low 

a c r o s s  t h e  i m p e l l e r  and,  t h e r e f o r e ,  t h e  i m p e l l e r s  do no t  o p e r a t e  a t  z e r o  

f low c o e f f i c i e n t .  Acosta  analyzed and t e s t e d  double  shrouded vanes ;  bu t  

t h i s t y p e  of  vane i s  i m p r a c t i c a l  f o r  h igh  speed r o t o r s  from a s t r u c t u r a l  

s t a n d p o i n t .  

S t e p a n o f f ' s  

I- 1 
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The h igh  p r e s s u r e  l i q u i d  hydrogen pump t h a t  has  been t e s t e d  a t  t h e  

F l o r i d a  Research and Development Center  was des igned  assuming t h e  back 

vane p r e s s u r e  d i s t r i b u t i o n  would develop acco rd ing  t o  S t e p a n o f f ' s  p re-  

d i c t i o n  method. The t h r u s t  on t h e  back f a c e  of  t h e  second s t a g e  was pre-  

d i c t e d  a t  350,000 pounds. Measurements t aken  du r ing  e a r l y  tests i n d i c a t e d  

a n  a c t u a l  t h r u s t  load  o f  315,000 pounds. T h i s  35,000-lb d e v i a t i o n  i n  t h r u s t ,  

coupled wi th  a s i m i l a r  i n a c c u r a t e  p r e d i c t i o n  o f  t h e  t h r u s t  on t h e  back 

f a c e  of  t h e  1 s t - s t a g e  i m p e l l e r ,  r e s u l t e d  i n  a change i n  t h e  n e t  r o t o r  

t h r u s t  t h a t  overpowered t h e  t h r u s t  ba l ance  p i s t o n  and caused pump f a i l u r e .  

The pump was modi f ied  t o  reduce t h e  t h r u s t  unbalance and the problem 

e v e n t u a l l y  c o r r e c t e d .  But i t  w a s  obvious t h a t  i n  a p p l i c a t i o n s  where 

t h e  p r e s s u r e - a r e a  product  i s  h igh ,  more a c c u r a t e  p r e d i c t i o n  methods are 

necessa ry .  The s u b j e c t  program, t h e  r e s u l t s  o f  which are r e p o r t e d  h e r e i n ,  

w a s  conducted t o  f u l f i l l  t h i s  goa l .  

The program conducted under Con t rac t  NAS8-5442 inc luded  t h e  fo l lowing  

i t e m s  : 

1. An expe r imen ta l  t e s t  program t o  de te rmine  t h e  e f f e c t  of a x i a l  

c l e a r a n c e ,  b lade  h e i g h t ,  number o f  b l a d e s ,  f low d i r e c t i o n ,  f low 

magnitude, and r o t o r  speed. 

2. Ana lys i s  of t h e  d a t a  and t h e  fo rmula t ion  o f  a n  a c c u r a t e  p r e d i c t i o n  

method e 

A t e s t  appa ra tus  w a s  designed t o  accomplish t h e  v a r i o u s  f a c e t s  of t h e  

test  program and a tes t  d a c i l i t y  was adapted  s o  t h a t  t h e  tes ts  could  be 

conducted us ing  water as t h e  t e s t  f l u i d  r a t h e r  t h a n  a c ryogen ic  f l u i d .  

To e s t a b l i s h  t h e  b a s i c  t r e n d s  fo r  a n  incompress ib l e  f l u i d , w a t e r  w a s  

chosen  i n  t h i s  i n i t i a l  phase because o f  i t s  economy and ease of  handl ing .  

A r ange  of  gmall  but  f i n i t e  flows was chosen f o r  t h e  t e s t  program s i n c e  

1-2 
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most pumps o p e r a t e  wi th  a small leakage  f low a long  t h e  backface ( o r  

ba l anc ing  f ace )  of  t h e  impe l l e r .  A f low c o e f f i c i e n t  of 0.02 w a s  chosen 

as t h e  upper l i m i t .  

Experimental  d a t a  were obta ined  f o r  smooth and bladed d i s k s  w i t h  

a x i a l  c l e a r a n c e s  from 0.125 t o  0.020 i n c h ,  b l ade  h e i g h t s  o f  0.125 and 

0.250 i n c h ,  number of  b lades  of  24,  12,  and 6 ,  and f o r  r a d i a l l y  inward 

and r a d i a l l y  outward f low d i r e c t i o n s .  

Torque d a t a  and h igh  frequency p r e s s u r e  o s c i l l a t i o n  d a t a  were t aken  

as a d d i t i o n a l  means t o  s tudy  the  f low on smooth and bladed r o t a t i n g  d i s k s .  

The p r e s s u r e  p r e d i c t i o n  method d e r i v e d  i n  t h i s  program w a s  a p p l i e d  

t o  a set  of  h igh  p r e s s u r e  l i q u i d  oxygen pump d a t a  and t h e  comparison 

showed remarkably good agreement. 

w a s  found t h a t  t h e  d e r i v e d  method w a s  1 t o  3.5% lower t h a n  t h e  a c t u a l  

t e s t  d a t a  wh i l e  S t e p a n o f f ' s  method p r e d i c t e d  v a l u e s  14 t o  17% lower than  

t h e  a c t u a l  d a t a .  These comparisons are shown i n  f i g u r e  1-1. 

For t h e  p a r t i c u l a r  cases compared i t  

1 - 3  
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SECTION I1 
EXPERIMENTAL TEST APPARATUS AND EQUIPMENT 

The tes t  appa ra tus  used i n  t h i s  s tudy  i s  shown i n  f i g u r e  11-1. The 

appa ra tus  was des igned  so  t h a t  i t  could  be e a s i l y  adap ted  t o  d i f f e r e n t  

r o t o r  and c l e a r a n c e  c o n f i g u r a t i o n s .  The hous ings  were purpose ly  made 

much t h i c k e r  t h a n  r e q u i r e d  by stress c o n s i d e r a t i o n s  t o  minimize a x i a l  

d e f l e c t i o n  caused by p r e s s u r e  loading.  The r o t o r  was suspended by two 

grease-packed b a l l  bea r ings  t h a t  were loaded i n  t h e  d r i v e  s h a f t  d i r e c t i o n .  

During a t e s t  run  t h e  n e t  t h r u s t  load  on t h e  r o t o r  w a s  main ta ined  i n  t h e  

d r i v e  s h a f t  d i r e c t i o n  by means of a n  e x t e r n a l l y  p r e s s u r i z e d  purge  c a v i t y  

l o c a t e d  between t h e  d r i v e  u n i t  and t h e  b e a r i n g  hous ing  t o  p reven t  s h i f t -  

i n g  of  t h e  r o t o r  and changing of t h e  p r e s e t  c l e a r a n c e .  F i g u r e  11-2 shows 

photographs o f  two o f  t h e  r o t o r s  and a d imens iona l  s k e t c h  of  t h e  unbladed 

r o t o r .  A l l  of t h e  r o t o r s  were f a b r i c a t e d  u s i n g  AMs 6260 s tee l  and were 

coa ted  wi th  a lacquered  g r a p h i t e  p r o t e c t i v e  material ,  s i n c e  AMs 6260 i s  

n o t  c o r r o s i o n  r e s i s t a n t .  Three s e t s  o f  shims w e r e  used t o  o b t a i n  t h e  

v a r i o u s  c l e a r a n c e  ranges  r equ i r ed  by t h e  expe r imen ta l  program. 

A schematic  of t h e  f low loop i s  shown i n  f i g u r e  11-3. Water, which 

w a s  t h e  on ly  t e s t  f l u i d  used i n  t h i s  tes t  program, w a s  con ta ined  i n  a 

5000-gal p o r t a b l e  t a n k  t ra i le r .  A pump w a s  used t o  supply  f low t o  t h e  

test  appa ra tus  and m a i n t a i n  t h e  i n l e t  p r e s s u r e .  The water w a s  r e c i r c u -  

l a t e d  from t h e  t ra i ler  through the  boost  pump, f i l t e r ,  t u r b i n e  flowmeter,  

t es t  a p p a r a t u s ,  remote ly  c o n t r o l l e d  d i s c h a r g e  v a l v e ,  and r e t u r n e d  t o  t h e  

t r a i l e r .  The t empera tu re  of the  water w a s  measured wi th  a copper -cons tan tan  

thermocouple a t  t h e  i n l e t  t o  t he  t e s t  a p p a r a t u s  and a l s o  a t  e i g h t  o t h e r  

r a d i a l  l o c a t i o n s  cor responding  t o  each  s t a t i c  p r e s s u r e  measurement. 

II- 1 
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The d r i v e  system c o n s i s t e d  of a 1500-hp e l e c t r i c  motor coupled with a 

Dynamatic c l u t c h  and an e l e c t r o n i c  speed c o n t r o l l e r .  A gearbox and to rque  

meter are inc luded  i n  t h e  d r i v e  s y s t e m .  Th i s  system i s  shown s c h e m a t i c a l l y  

i n  f i g u r e  11-3. 

Most of t h e  test  d a t a  were taken i n  d i g i t a l  form u s i n g  a high speed 

d a t a  r e c o r d i n g  system ( f i g u r e  1-4), which p e r m i t s  a l l  i n s t r u m e n t a t i o n  

channels  t o  be recorded  every  14.5 mi l l i s econds .  There  were 50 channels  

on t h e  t e s t  a p p a r a t u s ,  each  of which was recorded  75 times p e r  second. 

The tes t  d a t a  were ob ta ined  a s  averages f o r  each  channe l  over  a 2 second 

t i m e  i n t e r v a l ,  

The h i g h  frequency b l ade - to -b lade  p r e s s u r e  o s c i l l a t i o n  d a t a  were t aken  

us ing  a frequency-modulated t a p e  u n i t  so  as t o  be a v a i l a b l e  f o r  a n a l y s i s  

a f t e r  a test r u n  w a s  completed.  

11-2 
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Front and Rear View of 0.250-in. Bladed Rotor 

1.250 in. 

i 
Assembly of Unbladed Rotor 

9.290 im-1 r S h a f t  dia 1.575 in. 

F i g u r e  11-2. Test Rotors 
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SECTION I11 
RESULTS OF EXPERIMENTAL PROGRAM 

A. GENERAL 

The exper imenta l  program w a s  planned t o  provide  t h e  maximum amount of 

in format ion  r e l a t e d  t o  t h e  d i s t r i b u t i o n  of p r e s s u r e  c r e a t e d  by low-flow 

pumping s u r f a c e s  of  v a r i o u s  conf igu ra t ions .  A s  shown i n  t a b l e  111-1, t h e  

range of  v a r i a b l e s  inc luded  t h r e e  l e v e l s  of wheel angu la r  v e l o c i t y ,  t h r e e  

levels of f low rate ,  two b lade  h e i g h t s ,  and t h r e e  b lade- to-hous ing  a x i a l  

c l e a r a n c e s .  Data f o r  both r a d i a l l y  inward and r a d i a l l y  outward f low were 

t a k e n  f o r  each  tes t  c o n d i t i o n  using t h e  t e s t  appa ra tus  shown i n  f i g u r e  

111-1. S t a t i c  pressures, tempera tures ,  and p r e s s u r e  f l u c t u a t i o n s  c r e a t e d  

by t h e  p a s s i n g b l a d e s  were recorded a t  v a r i o u s  r a d i a l  s t a t i o n s .  Torque was 

a l s o  recorded  d u r i n g  each t e s t .  

The p r e s e n t a t i o n  and d i scuss ion  of  t h e  r e s u l t s  of  t h i s  exper imenta l  

program are d iv ided  i n t o  t h r e e  c a t e g o r i e s :  (1) s t a t i c  p r e s s u r e  d i s t r i -  

b u t i o n s ,  (2) r e q u i r e d  t o r q u e s ,  and (3)  blade- to-b lade  p r e s s u r e  f l u c t u a t i o n s .  

B. STATIC PRESSURE DISTRIBUTIONS 

A rev iew of  t h e  r e su l t s  of  a l i t e r a t u r e  survey showed ' tha t  a r e l i a b l e  

p r e s s u r e  p r e d i c t i o n  method r e q u i r e s  an  a c c u r a t e  d e s c r i p t i o n  of t h e  

apparent"  v o r t e x  mode and f l u i d  angu la r  v e l o c i t y  f o r  each  o f  t h e  test II 

c o n d i t i o n s .  The t e r m  apparent  i s  used t o  denote  a s i m p l i f i e d  f low p a t t e r n  

t h a t  does n o t  i n c l u d e  r e c i r c u l a t i o n  w i t h i n  the f low passages .  Methods 

used i n  a t t empt s  t o  measure r e c i r c u l a t i o n  flows a c t u a l l y  d i s t u r b  t h e  f low 

s t r e a m l i n e s  and g i v e  some doubt as t o  t h e  v a l i d i t y  of t h e  informat ion ,  

The apparent  v o r t e x  mode can be r e a d i l y  seen  by p l o t t i n g  t h e  t es t  

d a t a  on a curve  o f  t h e  d i f f e r e n c e  i n  i n l e t  head and t h e  head a t  any g iven  

r a d i a l  s t a t i o n  ve r sus  t h e  square of t h e  r a d i u s  a t  t h e  p a r t i c u l a r  r a d i a l  

111- 1 
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s t a t i o n .  I n  subsequent  d i s c u s s i o n ,  t h i s  t ype  o f  p l o t  w i l l  be r e f e r r e d  

t o  as AH-R curves .  A s t r a i g h t l i n e  d i s t r i b u t i o n  on t h i s  cu rve  i n d i c a t e s  

a fo rced  vo r t ex .  A curved l i n e  i n d i c a t e s  t h e  e x i s t e n c e  o f  some o t h e r  

v o r t e x  mode such a s  f r e e ,  supe r fo rced ,  o r  v a r i o u s  l e v e l s  between t h e s e  

extremes.  

2 

The expe r imen ta l  program was  conducted on ly  wi th  water a t  ambient 

t empera tu res .  The re fo re ,  a l l  r e s u l t s  and conc lus ions  r e p o r t e d  h e r e i n  

app ly  only  t o  uncompressible  f l u i d s .  Th i s  work should  be ex tended  t o  

i n c l u d e  compress ib le  f l u i d s  such as l i q u i d  hydrogen. 

For  purposes  o f  a n a l y s i s ,  t h e  t e s t  r e s u l t s  are  shown i n  terms o f  

i m p e l l e r  head d i s t r i b u t i o n s  where head i s  i n  f e e t  o f  wa te r .  For t h e  

r ange  of  tes t  c o n d i t i o n s  cons idered  i n  t h i s  water program, t h e  d e n s i t y  

o f  t h e  f l u i d  remained c o n s t a n t  and, t h e r e f o r e ,  p e r m i t s  t h e  fo l lowing  

simp l e  convers ion  

H/P = 1 4 4 1 ~  = 2.32.  

1. Smooth I m p e l l e r  T e s t s  

The f i r s t  phase  o f  t h e  exper imenta l  program was  i n i t i a t e d  wi th  t es t s  

o f  t h e  smooth d i s k  a t  v a r i o u s  d isk- to-hous ing  a x i a l  c l e a r a n c e s .  All 

smooth d i s k  d a t a  f o r  r a d i a l l y  out f lowing  f l u i d  r e s u l t e d  i n  s t r a i g h t l i n e  

AH-R 

A t y p i c a l  AH-R p l o t  i s  shown i n  f i g u r e  111-2 .  The re fo re ,  i t  can be con- 

c luded  t h a t  a fo rced  v o r t e x  e x i s t e d  over  most of t h e  d i s k ' s  r a d i a l  span ,  

and t h e  f l u i d  reached  i t s  maximum a n g u l a r  v e l o c i t y  soon a f t e r  e n t e r i n g  

t h e  i m p e l l e r .  

t u r n  o f  t h e  f l u i d  from a n  a x i a l  t o  a r a d i a l  d i r e c t i o n ;  t h i s  w i l l  be 

i n v e s t i g a t e d  more thoroughly  i n  a l a t e r  program. 

2 p l o t s  excep t  i n  t h e  a r e a  j u s t  downstream o f  t h e  eye  o f  t h e  i m p e l l e r .  

2 

The momentum l o s s e s  a t  t h e  i n l e t  r e s u l t  from t h e  r a p i d  

111-7 
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Once it  i s  e s t a b l i s h e d  t h a t  t h e  f low i s  a fo rced  v o r t e x ,  i t  i s  a 

s t r a i g h t f o r w a r d  matter t o  c a l c u l a t e  t h e  average  f l u i d  v e l o c i t y  between 

t h e  d i s k  qnd hous ing .  The f l u i d  " c o r e  r o t a t i o n "  o r  f l u i d  a n g u l a r  v e l o c i t y  

i s  : 

For convenience,  a nondimensional f l u i d  v e l o c i t y ,  K ,  i s  d e f i n e d  a s  t h e  

f l u i d  angu la r  v e l o c i t y  d i v i d e d  by t h e  wheel o r  i m p e l l e r  a n g u l a r  v e l o c i t y  

o r  , 

K = @ / w e  

A s  s t a t e d  be fo re ,  i t  w a s  found t h a t  f o r  t h e  smooth d i s k  and r a d i a l  outf low,  

K remained c o n s t a n t  wi th  respect t o  r a d i a l  span ;  however, t h e  d i s k - t o -  

hous ing  c l e a r a n c e  and flow c o e f f i c i e n t  had a measurable e f f e c t .  Since a t  

any p a r t i c u l a r  r a d i u s ,  

and 

w = u/R:; 

t h e n  

K = Cu/u. 

Using t h e  d a t a  from t h e  smooth d i s k  tes ts ,  a graph  w a s  c o n s t r u c t e d  t o  

show t h e  e f f e d t s  of  f low c o e f f i c i e n t  (Cm/u) d e f i n e d  a t  t h e  i m p e l l e r  t i p ,  

on K f o r  v a r i o u s  c l e a r a n c e s .  These cu rves  are shown i n  f i g u r e  111-3. They 

can  be e x t r a p o l a t e d  and i n t e r p o l a t e d  t o  p rov ide  t h e  more convenient  graph  

o f  f i g u r e  111-4, which shows even increments  of a x i a l  d i sk - to -hous ing  

c l e a r a n c e s .  

The only d a t a  t h a t  can  be compared wi th  t h e s e  expe r imen ta l  r e s u l t s  

comes from a s tudy  conducted by Da i ly  and Nece (Reference 2) .  

v e s t i g a t o r s  d i d  no t  permi t  any through flow i n  t h e i r  t e s t s ,  so d a t a  

These in-  
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c o l l e c t e d  on t h e  c u r r e n t  program can on ly  be compared a t  s h u t o f f  f low 

(Q = 0). 

on f l u i d  v e l o c i t y  r a t i o  i s  shown i n  f i g u r e  111-5, a long  wi th  t h e  theo- 

r e t i c a l  and expe r imen ta l  d a t a  of Da i ly  and Nece. Since t h e  v a l u e s  of 

C /R used i n  t h i s  experiment were r e s t r i c t e d  t o  t y p i c a l  c e n t r i f u g a l  pump 

backface a p p l i c a t i o n s ,  t h e  d a t a  a r e  not  e x t e n s i v e  enough t o  make a com- 

p l e t e  comparison. The t e s t  curve from t h i s  exper iment ,  as shown i n  

f i g u r e  111-5, t e n d s  t o  f a l l  lower and s l o p e  downward more s e v e r e l y  as 

compared t o  t h e  d a t a  of  D a i l y  and Nece. B u t ,  i n  g e n e r a l ,  f o r  t h e  range  

of  C /R t e s t e d  i n  t h i s  program, t h e  c o r r e l a t i o n  i s  cons ide red  q u i t e  good. 

Th i s  c o r r e l a t i o n  i s  shown only f o r  academic r e a s o n s ,  s i n c e  r o c k e t  engine  

pump i m p e l l e r s  ( f r o n t  or  back faces)  seldom o p e r a t e  a t  s h u t o f f  flow. 

The e f f e c t  of  a x i a l  d i sk- to-hous ing  c l e a r a n c e  and d i s k  r a d i u s  

A 

A 

I n  t h e  a n a l y s i s  o f  t h e  d a t a  produced by t h e  smooth d i s k  f o r  r a d i a l l y  

2 i n f lowing  f l u i d ,  t h e  AH-R p l o t s  f o r  each  of  t h e  tests r e v e a l e d  a changing 

c u r v a t u r e  as flow c o e f f i c i e n t  was a l t e r e d .  C lose  examinat ion  showed t h a t  

i n  each c a s e ,  t h e  curve  w a s  s t r a i g h t  a t  s h u t o f f  f low, but  became a curved 

l i n e  as flow c o e f f i c i e n t  was i n c r e a s e d .  

T h e r e f o r e ,  i t  w a s  obvious t h a t  t h e  v o r t e x  mode f o r  r a d i a l l y  in f lowing  f l u i d  

w a s  changing wi th  flow c o e f f i c i e n t  and w a s  p r o g r e s s i n g  from a fo rced  v o r t e x  

a t  s h u t o f f  f low toward a free v o r t e x  as f low ra te  w a s  i n c r e a s e d .  

(See t y p i c a l  curve  i n  f i g u r e  111-6 . )  

I n  v o r t e x  f low 

c u  R~ = Cons tan t ,  

and 

These e q u a t i o n s  can be so lved  i n  terms of  "n" i f  t h e  r a d i a l  s t a t i c  p re s -  

s u r e  d i s t r i b u t i o n  and t h e  f l u i d  v e l o c i t y  a t  a p a r t i c u l a r  r a d i u s ,  are 

III- 9 
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known. The f l u i d  v e l o c i t y  i n  these  tes ts  was ob ta ined  from a t a n g e n t i a l  I 

t o t a l  p r e s s u r e  probe a t  t h e  t i p  of t h e  i m p e l l e r .  The s t a t i c  p r e s s u r e  

measurements w e r e  ob ta ined  from t h e  s t a t i c  t a p s ,  which were d i scussed  

i n  t h e  s e c t i o n  d e s c r i b i n g  t h e  t e s t  appa ra tus .  Using t h e  d a t a  produced 

by t h i s  exper imenta l  program and t h e  preceding  two t h e o r e t i c a l  re- 

l a t i o n s h i p s  f o r  v o r t e x  motion, a curve  was developed showing t h e  e f f e c t  

of  f low c o e f f i c i e n t  on t h e  vo r t ex  exponent ,  lln,ll f o r  v a r i o u s  c l e a r a n c e s .  

Th i s  curve i s  shown i n  f i g u r e  111-7 .  The e f f e c t  o f  f low c o e f f i c i e n t  

and a x i a l  d i sk- to-hous ing  c l ea rance  on f l u i d  v e l o c i t y  r a t i o ,  K ,  i s  

g iven  i n  f i g u r e  111-8. The da ta  from t h e  i n t e r m e d i a t e  c l e a r a n c e  test 

had t o  be d i sca rded  because of  t he  l o s s  of  t h e  t o t a l  p r e s s u r e  t a p  a t  

t h e  i m p e l l e r  t i p  and t h e  d a t a  shown on f i g u r e s I I 1 - 7  and 111-8 are not  

complete.  I n  a d d i t i o n ,  a wide range of flow c o e f f i c i e n t s  f o r  t h e  h igh  

a x i a l  c l e a r a n c e  was not  p o s s i b l e  because of f low l i m i t a t i o n s  of t h e  

f a c i l i t y  pump. It w a s  noted t h a t  t h e  v a l u e  of Cuo d i d  not  approach 

0.50 f o r  t h e  inward f low,  a s  did t h e  Cuo from the outward f low d a t a  

a t  t h e  s h u t o f f  f low c o n d i t i o n .  An ins t rumen t  e r r o r  i s  suspec ted ;  

however, i t  w a s  no ted  i n  t h e  l i t e r a t u r e  t h a t  a s imilar  d iscrepancy  

w a s  r e p o r t e d  by Maro t i ,  e t  a l ,  (Reference 7 ) .  Maro t i  reasoned t h a t  

t h e  end e f f e c t s  a s s o c i a t e d  with t h e  p a r t i a l l y  enc losed  d i s k  as com- 

pared wi th  t h e  f u l l y  enc losed  d i s k  m u l d  cause  t h e  d iscrepancy .  

2 A s  s t a t e d  be fo re ,  t h e  AH - R cu rves  a t  z e r o  f low were s t r a i g h t  

l i n e s ,  a phenomenon t h a t  i s  i n d i c a t i v e  of a n  e x i s t i n g  forced  v o r t e x  

motion. Knowing t h a t  a forced v o r t e x  mode e x i s t e d  f o r  t h a t  p a r t i c u l a r  

111- 10 
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t e s t  p o i n t ,  t h e  f l u i d  v e l o c i t y  t h a t  must e x i s t  a t  t h e  i m p e l l e r  t i p  can be 

c a l c u l a t e d  from t h e  s t a t i c  p r e s s u r e  drop.  

t o  t h e  f l u i d  v e l o c i t y  i n d i c a t e d  by t h e  t o t a l  and s t a t i c  p r e s s u r e  probes  

f o r  t h a t  p a r t i c u l a r  t es t  p o i n t .  The r a t i o  of  t h e s e  two c a l c u l a t e d  v a l u e s  

o f  f l u i d  v e l o c i t y  i s  a n  i n d i c a t i o n  of  t h e  probe a n g u l a r  o r i e n t a t i o n  w i t h  

the a c t u a l  f low d i r e c t i o n ,  and t h e r e f o r e ,  an  i n d i c a t i o n  o f  t h e  probe  

accuracy  f o r  t h a t  p a r t i c u l a r  r i g  assembly. (This f a c t  w a s  v e r i f i e d  w i t h  

bench t e s t s  of  t h e  same r i g  probe under c o n t r o l l e d  c o n d i t i o n s  over  t h e  

r ange  of  v e l o c i t i e s  encountered  i n  t h i s  t e s t  program.) T h i s  r a t i o ,  o r  

c o r r e c t i o n  f a c t o r ,  was then  a p p l i e d  t o  a l l  ensu ing  measured f l u i d  vel- 

o c i t i e s  a t  t h e  i m p e l l e r  t i p  t o  de te rmine  t h e  t r u e  va lue .  

T h i s  v a l u e  can t h e n  be compared 

2. Bladed I m p e l l e r  Tests 

A series of  t es t s  was conducted a t  t h r e e  i m p e l l e r  speeds ,  t h r e e  f low 

ra tes  and us ing  t h r e e  d i f f e r e n t  b lade  t i p - t o - h o u s i n g  c l e a r a n c e s .  The re- 

s u l t i n g  d a t a  were t r e a t e d  i n  a manner similar t o  t h a t  employed wi th  t h e  

smooth i m p e l l e r s ;  i . e . ,  AH - R curves  were p l o t t e d  and v a l u e s  of  K w e r e  

c a l c u l a t e d  f o r  t h e  v a r i o u s  t e s t  c o n d i t i o n s .  T y p i c a l  examples of  t h e s e  

p l o t s  are shown i n  f i g u r e s  111-9 and LIT.-10. The f a c t  t h a t  t h e s e  d a t a  l i e  

a long  a curved l i n e  show t h a t  t h e  f l u i d  a n g u l a r  v e l o c i t y  does n o t  remain 

c o n s t a n t  over  t h e  r a d i a l  span of t h e  i m p e l l e r  as was expec ted .  

cu rve  i s  s t r a i g h t  on ly  i f  t h e  f l u i d  angu la r  v e l o c i t y  i s  c o n s t a n t . )  It 

w a s  no ted  from t h e  d a t a  t h a t  t h e  three v a r i a t i o n s  of  the f low ra te  f o r  each 

o f  t h e  t e s t  speeds  produced no s i g n i f i c a n t  v a r i a t i o n  i n  t h e  AH - R 
c u r v e s ;  t h e r e f o r e ,  t h e  f l u i d  v e l o c i t y  r a t i o ,  K ,  w a s  cons ide red  t o  be 

2 

2 (The AH - R 

2 
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independent o f  f low c o e f f i c i e n t  i n  t h e  r ange  o f  @ = 0 

f o r  bladed i m p e l l e r  c o n f i g u r a t i o n s .  The r a t i o  o f  b l ade  h e i g h t  t o  b l ade  

h e i g h t  p l u s  t i p  c l e a r a n c e ,  TIS, was found t o  have a n  a p p r e c i a b l e  e f f e c t  

on v a l u e s  o f  K ;  f o r  i n c r e a s i n g  v a l u e s  of TIS t h e  a s s o c i a t e d  v a l u e  o f  K 

a t  a p a r t i c u l a r  r a d i u s  would a l s o  i n c r e a s e .  

t o  qj = 0.02 

The test r e s u l t s  f o r  t h i s  ser ies  o f  bladed i m p e l l e r  tes ts  are 

shown i n f i g u r e s I I 1 - 1 1  and 111-12. It should be p o i n t e d  ou t  t h a t  t h e s e  

c u r v e s  r e p r e s e n t  t h e  b e s t  s t a t i s t i c a l  cu rve  f i t  f o r  a l l  d a t a  produced 

i n  t h i s  series o f  t e s t s .  Each AH - R c u r v e  was gene ra t ed  by f o u r  

p r e s s u r e  measurements. Then, each cu rve  w a s  r ead  a t  inc remen t s  o f  2 i n .  

and f l u i d  v e l o c i t y  r a t i o s  were c a l c u l a t e d .  For  one c l e a r a n c e  case, o r  

one TIS, n i n e  AH - R2 p l o t s  were g e n e r a t e d  p r o v i d i n g  up t o  90 i n d i v i d u a l  

v a l u e s  of K f o r  each T I S .  

s t a t i s t i c a l  cu rve  f i t  u s ing  a second o r d e r  polynomial e q u a t i o n  form. 

The r e s u l t i n g  e q u a t i o n s  are  p l o t t e d  i n f i g u r e s  111-11 and 111-12. The 

maximum d e v i a t i o n  between a c t u a l  t e s t  d a t a  and t h e s e  cu rves  i s  3%. 

2 

2 

These d a t a  were t h e n  i n p u t  i n t o  an  IBM 

Comparing t h e  r e s u l t s  of f i g u r e s  111-11 wi th  111-12, i t  was found t h a t  

t h e r e  i s  no d i f f e r e n c e  i n  f l u i d  v e l o c i t y  r a t i o  between inward and out- 

ward f low w i t h i n  t h e  accuracy of t h e  t e s t  d a t a .  A composite c u r v e  

w a s ,  t h e r e f o r e ,  produced, which a p p l i e s  t o  both r a d i a l l y  incjard and 

r a d i a l l y  outward flow. This curve i s  shown i n  f i g u r e  111-13. 

Some concern q u i t e  n a t u r a l l y  r e s u l t e d  when t h e  v a r i a t i o n  i n  f l u i d  

v e l o c i t y  wi th  r a d i a l  span w a s  encountered.  To make s u r e  t h i s  e f f e c t  

w a s  n o t  caused by a momentum t r a n s f e r  between t h e  f l u i d  i n  t h e  annu la r  

III- 1 2  
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a r e a  above t h e  i m p e l l e r  and t h e  f l u i d  j u s t  l e a v i n g  t h e  i m p e l l e r ,  ano the r  

p l o t  o f  f l u i d  v e l o c i t y  r a t i o ,  K ve r sus  T I S  f o r  v a r i o u s  r a d i u s  r a t i o s ,  

w a s  produced as shown i n  f i g u r e s  111-14 and 111-15. I f  t h e  i n d i c a t e d  

s l o p e s  of t h e  cu rves  are  extended,  each cu rve  p a s s e s  through K = 1 

a t  TIS = 1. T h i s  i s  a s  it should be and i n d i c a t e s  t h e  f l u i d  v e l o c i t i e s  

i n  t h i s  t es t  were c o n t r o l l e d  by TIS a l o n e  and were n o t  i n f l u e n c e d  by 

r e c i r c u l a t i o n  f lows o r  momentum t r a n s f e r  a t  t h e  i m p e l l e r  t i p .  

Tests w i t h  t h e  nex t  impe l l e r  c o n f i g u r a t i o n  fol lowed us ing  a bladed 

d i s k  wi th  24 0.250-inch b l ades .  Again, t h r e e  t es t s  were conducted wi th  

t h r e e  d i f f e r e n t  a x i a l  b l ade  t i p - to -hous ing  c l e a r a n c e s .  Data w e r e  produced 

a t  t h r e e  f low r a t e s  and t h r e e  speeds i n  each tes t .  The same method o f  

d a t a  a n a l y s i s  w a s  used a s  i n  t h e  p rev ious  0.b25-inch b l ade  tests.  How- 

ever, t h e  r e s u l t s  were q u i t e  d i f f e r e n t  i n  t h a t  t h e r e  w a s  no uniform 

t r e n d  o f  f l u i d  v e l o c i t y  r a t i o ,  K,  f o r  v a r i o u s  TIS cases. 

o f  r a d i a l  span on f l u i d  v e l o c i t y  r a t i o  was a g a i n  encountered ,  but  t h e  

f l u i d  v e l o c i t i e s  seemed t o  be  independent and n o t  c o n s i s t e n t  w i th  va ry ing  

TIS  va lues .  

shown i n  f i g u r e s  111-16 and 111-17. Note t h a t  t h e  cu rves  f o r  T/S = 0.67 

d i d  no t  r e t u r n  t o  K = 1 a t  low r a d i u s  r a t i o s .  A speed measurement e r r o r  

w a s  suspec ted  i n  t h i s  t e s t  but  could n o t  be d e f i n i t e l y  proved. It i s  

b e l i e v e d  t h a t  t h e s e  cu rves  should be s h i f t e d  upward so  t h a t  K = 1 a t  

l o w  r a d i u s  r a t i o s .  

The e f f e c t  

The s t a t i s t i c a l  curves  developed from t h e  t e s t  d a t a  are 

Once t h e  p reced ing  adjustment  had been made, t h e r e  appeared t o  be 

no s i g n i f i c a n t  d i f f e r e n c e  i n  the  v a r i o u s  cu rves  f o r  d i f f e r e n t  TIS v a l u e s .  

The d a t a  f o r  a l l  TIS v a l u e s  was c o l l e c t e d  and i n p u t  i n t o  t h e  s t a t i s t i c a l  

c u r v e  f i t  program. 

a p p l i e s  t o  both  r a d i a l l y  inward and r a d i a l l y  outward f low d i r e c t i o n s .  

The r e s u l t i n g  e q u a t i o n  i s  p l o t t e d  i n  f i g u r e  111-18 and 
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The f i n a l  phase of t h e  exper imenta l  program comprised a s tudy  t o  

de te rmine  t h e  e f f e c t  on t h e  r a d i a l  p r e s s u r e  d i s t r i b u t i o n  o f  changing t h e  

number of b lades .  

w a s  used f o r  t h i s  p o r t i o n  of  t h e  expe r imen ta l  i n v e s t i g a t i o n .  Blade t i p -  

to -hous ing  a x i a l  c l e a r a n c e  of 0.067 inch  w a s  used f o r  a l l  tes ts  i n  t h i s  

ser ies .  Every o t h e r  b lade  on t h i s  i m p e l l e r  w a s  removed, l e a v i n g  12 

e q u a l l y  spaced b l ades .  T h i s  c o n f i g u r a t i o n  was t e s t e d  a t  t h r e e  speeds and 

t h r e e  f low rates.  For t h e  f i n a l  t es t ,  s i x  a d d i t i o n a l  b l ades  were machined 

from t h e  i m p e l l e r  and t h e  new c o n f i g u r a t i o n  was t e s t e d  a t  t h r e e  speeds 

and t h r e e  f low rates.  The r e s u l t s  of  t h e s e  tests are shown by f i g u r e s  

111-19 and 111-20. Not ice  t h a t  t h e  cu rves  f o r  12 and 6 b lades  d i d  not  

r e t u r n  t o  K = 1 a t  low r a d i u s  r a t i o .  A speed e r r o r  was a g a i n  suspec ted ,  

and t h e  cu rves  were s h i f t e d  v e r t i c a l l y  t o  t h e  p o i n t  where t h e  low r a d i u s  

r a t i o  p o r t i o n  of  t h e  cu rves  co inc ided  wi th  t h e  l i n e  K = 1. The s h i f t e d  

cu rves  are shown i n  f i g u r e  1 1 1 - 2 1 ,  and t h e s e  cu rves  show t h a t  t h e  e f f e c t  

o f  reducing  t h e  number of b lades  i s  r e l a t i v e l y  small, p rovided  N 2 6 .  

T h i s  o b s e r v a t i o n  i s  c o n s i s t e n t  with r e s u l t s  r e p o r t e d  by o t h e r  i n v e s t i -  

g a t o r s  such as Stepanoff  and Acosta.  

C . TORQUE MEASUREMENTS 

The 24-blade impe l l e r  wi th  0.125-inch b lade  h e i g h t s  

The t o r q u e  d a t a  ob ta ined  from each  t e s t  were p l o t t e d  as t o r q u e  co- 

e f f i c i e n t  , CM, ver sus  d i s k  Reynolds number, Rey, a t  t h e  t i p  f o r  t h e  

smooth d i s k  and t h e  bladed d i s k .  The smooth d i s k  to rque  d a t a  are p resen ted  

i n  f i g u r e  111-22. Torque d a t a  for  two of  t h e  t h r e e  smooth d i s k  tests were 

n o t  a v a i l a b l e  due t o  a f a i l u r e  of t h e  t o r q u e  r eco rd ing  d e v i c e  d u r i n g  

t h e s e  tes ts .  F a i r  agreement was found by comparison wi th  t h e  d a t a  of 

D a i l y  and Nece (Reference 2 ) ,  and wi th  t h e  t h e o r e t i c a l l y  d e r i v e d  

e q u a t i o n  by Schultz-Grunow (Reference 5 ) .  Various a x i a l  clear- 
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ances  d i d  n o t  have an  a p p r e c i a b l e  e f f e c t  on t h e  f r i c t i o n a l  r e s i s t a n c e ,  

and t h e r e  was a l s o  no n o t i c a b l e  change wi th  i n c r e a s i n g  f low r a t e  f o r  t h e  

low f low c o e f f i c i e n t s  i n v e s t i g a t e d  (below 0.02). The bladed d i s k  to rque  

d a t a  w e r e  ana lyzed  i n  t h e  same manner a s  t h e  smooth d i s k ,  and the r e s u l t s  

are p resen ted  i n  f i g u r e  111-23. S i m i l a r l y ,  t h e  bladed d a t a  were no t  

n o t i c a b l y  a f f e c t e d  by va ry ing  flow ra te  f o r  t h e  low f low c o e f f i c i e n t s  

i n v e s t i g a t e d .  

from t h e  d a t a .  A curve  f o r  t h e  roughened d i s k  t o r q u e  r e p o r t e d  by Dai ly  

and Nece i s  a l s o  shown on f i g u r e  111-23. 

A s i g n i f i c a n t  e f f e c t  of T/S and b l ade  h e i g h t  w a s  apparent  

The to rque  measurements inc luded  t h e  edge d rag  of t h e  d i s k ,  so  a 

c a l c u l a t i o n  o f  d i s k  edge f r i c t i o n  w a s  necessa ry  f o r  a v a l i d  comparison 

o f  d a t a .  The method o f  Dai ly  and Nece (Reference 2) f o r  t u r b u l e n t  f low 

w a s  used i n  t h i s  c a l c u l a t i o n .  The method c o n s i d e r s  t h e  annulus  between 

the d i s k  and the w a l l  as a d u c t  analogous t o  g c i r c u l a r  p i p e .  The shea r  

stress on t h e  d i s k  t i p  was given as,  

T h i s  e x p r e s s i o n  i s  used i n  d e r i v i n g  t h e  c o r r e c t i o n  f o r  % expressed  

and ,  hence,  

‘M a c t u a l  
- - 
‘M measured 

The f r i c t i o n  f a c t o r ,  f ,  w a s  determined from t h e  smooth p i p e  cu rve  on 

a Moody diagram us ing  a Reynold number g iven  as,  

UR, C 
Rey = 

V 
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Dai ly  and Nece found by experimenting wi th  smooth d i s k s  o f  v a r i o u s  

t h i c k n e s s  t h a t  t h i s  c o r r e c t i o n  method was v a l i d .  

t e s t i n g  performed i n  t h i s  r e p o r t  ranged from 0.0010 t o  0.00133. 

Values  of  Ch f o r  t h e  

The d a t a  from f i g u r e  111-23 a r e  p l o t t e d  i n  a n o t h e r  form i n  f i g u r e  111-24, 

which shows t o r q u e  c o e f f i c i e n t  versus  T/S. 

as T / S  i s  i n c r e a s e d ,  a s  would be expec ted .  

Not ice  t h e  d e c r e a s e  i n  % 
Also n o t i c e  t h a t  t h e  moment 

c o e f f i c i e n t  a t  any g iven  T/S i s  h ighe r  f o r  0.250-inch b lade  h e i g h t  t h a n  

f o r  0.125-inch b l ade  h e i g h t s .  This  r e s u l t  i s t h o u g h t  t o  be an  i n d i c a t i o n  

o f  t h e  f l u i d  r e c i r c u l a t i o n  t h a t  predominates  i n  t h e  case of  t h e  wider  b lade  

passage .  Th i s  conc lus ion  i s  c o n s i s t e n t  w i th  t h e  r e s u l t s  s een  ear l ie r  

when t h e  f l u i d  v e l o c i t i e s  f o r  t he  0.250-inch b l ade  h e i g h t s  w e r e  i n c o n s i s t e n t  

as compared t o  t h e  0.125-inch blade h e i g h t  t e s t s .  

D. BLADE-TO-BLADE PRESSURE FLUCTUATIONS 

High r e sponse  t r a n s d u c e r  d a t a  were ob ta ined  w i t h  Kis t ler  Model 601A 

q u a r t z  p r e s s u r e  t r a n s d u c e r s  c l o s e  coupled wi th  t h e  Model 624 adap te r .  The 

t r a n s d u c e r s  w e r e  l o c a t e d  on four  r a d i i  on t h e  f r o n t  hous ing  and mounted 

f l u s h  wi th  t h e  w a l l  s u r f a c e ,  The ou tpu t  o f  t h e  t r a n s d u c e r s  was  recorded 

on frequency-modulated t a p e ,  which w a s  la ter  ana lyzed  by an  o s c i l l o g r a p h  

and a panoramic wave a n a l y z e r .  The o s c i l l o g r a p h  r e c o r d i n g  was ob ta ined  

u s i n g  a 100 cps h igh  p a s s  f i l t e r  i n  a n  a t t e m p t  t o  s e p a r a t e  t h e  p r e s s u r e  

wave caused by t h e  b lade  from a low frequency r e l a t i v e l y  h igh  ampl i tude  

p r e s s u r e  o s c i l l a t i o n ,  which was  n o t i c e d  on a l l  o f  t h e  b laded  t e s t  runs .  

The o s c i l l o g r a p h  r eco rd ing  showed t h e  t r u e  p r e s s u r e  p u l s e  a c r o s s  t h e  

b l ade .  However i t  was modulated by t h e  low-frequency p u l s e s  and a s  a 

r e s u l t  the ampl i tude  was n o t  cbns t an t  . F i g u r e s  111-25 and 111-26 show 

a p o r t i o n  of  t h e  o s c i l l o g r a p h  r eco rd ing  from t y p i c a l  tes ts .  

wave a n a l y z e r  was used t o  s e p a r a t e  t h e  v a r i o u s  components of  t h e  p r e s s u r e  

The panoramic 
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p u l s e  wave, and from them determine t h e  ampl i tudes  a t  t h e  predominent 

f requencies .  A t y p i c a l  p l o t  obtained from t h e  panoramic wave ana lyze r  i s  

shown i n  f i g u r e s  111-27 and 111-28. The predominant f r equenc ie s  were 

t h e  b l ade  p a s s i n g  frequency,  wB, t h e  h ighe r  harmonics and t h e  low f r e -  

quency between 40 and 50 cps .  

For each of t h e  bladed tes t  runs ,  a p r e s s u r e  parameter  was c a l c u l a t e d  

us ing  t h e  peak-to-peak ampli tude o f  t h e  p r e s s u r e  p u l s e  a t  t h e  b lade  pas- 

s i n g  frequency d iv ided  by t h e  s t a t i c  p r e s s u r e  a t  t h e  p a r t i c u l a r  r a d i u s .  

The r e s u l t s  of  t h i s  c a l c u l a t i o n  a r e  shown g r a p h i c a l l y  i n  f i g u r e  111-29 

as AP/P v e r s u s  r a d i u s  r a t i o .  
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Test No. 3.04 
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FD 7814 F i g u r e  111-2. Head Rise vs Wheel Radius Squared 
f o r  Smooth Disk Ro to r ,  R a d i a l l y  
Outward Flow 
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F i g u r e  111-3. E f f e c t  o f  Ra t io  of F l u i d  T a n g e n t i a l  FD 7815 
Ve loc i ty  a t  I m p e l l e r  T ip  wi th  Flow 
C o e f f i c i e n t  a t  T i p  
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0.140 - 0.160- 

Figure  111-4. C u / U  vs Cm/U f o r  R a d i a l l y  Outward FD 7816 
Flow on a Smooth Disk 
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CLEARANCE TO RADIUS RATIO, CA / R 

F i g u r e  111-5. Smooth Disk C u / U  a t  Shu to f f  Flow FD 7817 
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F i g u r e  111-6. Head R i s e  vs Wheel Radius Squared FD 7818 
f o r  Smooth Disk Rotor 
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Figure  111-7. E f f e c t  o f  Flow C o e f f i c i e n t  a t  FD 7819 
I m p e l l e r  T i p  on Vortex Mode 
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F i g u r e  111-8. E f f e c t  of Ra t io  o f  F l u i d  T a n g e n t i a l  FD 7820 
V e l o c i t y  t o  Wheel T a n g e n t i a l  V e l o c i t y  
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F i g u r e  111-9. R a d i a l  P r e s s u r e  D i s t r i b u t i o n  f o r  FD 7840 
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IMPELLER RADIUS SQUARED - in? 

F i g u r e  111-10. R a d i a l  P r e s s u r e  D i s t r i b u t i o n  f o r  FD 7821  
Bladed I m p e l l e r ,  R a d i a l  Inward Flow 
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F i g u r e  111-11. F l u i d  Ve loc i ty  R a t i o  vs Radius FD 7822 
R a t i o  fo r  R a d i a l l y  Outward Flow 
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F i g u r e  111-14. F l u i d  Ve loc i ty  R a t i o  vs T I S  f o r  FD 7825 
R a d i a l l y  Outward Flow 
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F i g u r e  111-15. F l u i d  Veloci ty  R a t i o  vs T I S  f o r  FD 7830 
R a d i a l l y  Inward Flow 
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Figure  111-16. F l u i d  Angular V e l o c i t y  C o r r e l a t i o n  FD 7831 
f o r  24-Blade, 0.250-in.  I m p e l l e r  
(Outward Flow) 
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F i g u r e  1 1 1 - 1 7 .  F l u i d  Angular V e l o c i t y  C o r r e l a t i o n  FD 7832 
f o r  24-Blade, 0.250-in.  I m p e l l e r  
(Inward Flow) 

111- 26 



Pratt & Whitney Rircraft 
PWA FR-952 

No. of Blades = 24 

0.5 ~~ 

0.2 0.4 0.6 0.8 
RADIUS RATIO, W R o  

1.0 

F i g u r e  111-18. F l u i d  Angular V e l o c i t y  C o r r e l a t i o n  FD 7833 
f o r  24-Blade, 0.250-in.  I m p e l l e r  
(Inward o r  Outward Flow) 
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F i g u r e  111-19. F l u i d  Angular V e l o c i t y  C o r r e l a t i o n  FD 7834 
( E f f e c t  of No. Blades, Outward Flow) 
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F i g u r e  111-20. F l u i d  Angular V e l o c i t y  C o r r e l a t i o n  FD 7835 
( E f f e c t  of No. Blades,  Inward Flow) 
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F i g u r e  111-21. F l u i d  Angular V e l o c i t y  C o r r e l a t i o n  FD 7836 
(Inward o r  Outward Flow, Various No. 
o f  Blades)  
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Figure  111-24. C o r r e l a t i o n  of with T I S  f o r  FD 7839 
24-Blade Impel le r  
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Figure  111-25. Osc i l lograph  Analys is  of T e s t  
No. 11.09 wB = 363 c p s  
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Figure 111-26. Osc i l lograph  A n a l y s i s  of  Test FD 7827 
No, 4.08 wUB = 1940 CPS 

FD 7828 Figure 111-27 .  Panoramic Wave A n a l y s i s  of Test 
No. 11.09 wUB = 363 cps  Scale = 0-50 p s i  
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Figure  111-29. Blade P r e s s u r e  Loading 
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SECTION I V  
PRESSURE DISTRIBUTION PREDICTION METHODS 

A. GENERAL 

The fo l lowing  methods of  p r e d i c t i n g  p r e s s u r e  d i s t r i b u t i o n  gene ra t ed  

by low f low pumping s u r f a c e s  have been formulated from t h e  exper imenta l  

r e s u l t s  produced i n  t h i s  program. These methods app ly  t o  incompress ib le  

f l u i d s  only.  They are e m p i r i c a l  i n  n a t u r e  and p r e s e n t e d  b a s i c a l l y  i n  

g r a p h i c a l  form. It should  be noted t h a t  the methods d i s c u s s e d  below are 

p r e l i m i n a r y  and are in tended  t o  se rve  as a b a s i s  f o r  a more complete  p re -  

d i c t i o n  system t h a t  would r e s u l t  from a d d i t i o n a l  t e s t i n g .  Th i s  should 

i n c l u d e  a d d i t i o n a l  water tes ts  t o  de te rmine  i m p e l l e r  end e f f e c t s  and 

l i q u i d  hydrogen tes t s  t o  determine t h e  e f f e c t s  of c o m p r e s s i b i l i t y .  

B. RADIALLY OUTFLOWING FLUID PASSING A ROTATING SMOOTH FACE 

A s  d i scussed  i n  S e c t i o n  111 (Experimental  R e s u l t s ) ,  a fo rced  v o r t e x  

w a s  fodnd t o  e x i s t  f o r  a l l  ca ses  t e s t e d  and t h e  p r e d i c t i o n  system w a s  

dependent on d e f i n i n g  t h e  magnitude of  t h e  f l u i d  angu la r  v e l o c i t y  between 

the d i s k  and housing.  T h i s  va lue  can be  found by r e f e r r i n g  t o  f i g u r e  111-4, 

which shows t h e  r a t i o  of the f l u i d  angu la r  v e l o c i t y  t o  t h e  impe l l e r  

angu la r  v e l o c i t y ,  K ,  as a func t ion  of flow c o e f f i c i e n t ,  Cm/u, and a x i a l  

c l e a r a n c e ,  CA. The f l u i d  angular  v e l o c i t y ,  8 ,  i s  t h e n  found by t h e  

fo l lowing  r e l a t i o n s h i p  : 

B = Kcu 

1 
I 
1 

The d i s t r i b u t i o n  i n  head between R2 and R1 i s  t h e n  found by t h e  

f o r c e d  v o r t e x  equa t ion ,  
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If y1 = y2 = y , which i s  t h e  c a s e  f o r  mast a p p l i c a t i o n s ,  where an 

incompress ib le  f l u i d  i s  used,  then:  

C.  RADIALLY INFLOWING FLUID PASSING A ROTATING SMOOTH FACE 

TUe p r e d i c t i o n  system f o r  t h e  r a d i a l l y  inf lowing  f l u i d  f o r  a 

smooth impe l l e r  as i n d i c a t e d  b y  t h i s  t e s t  p r o g r a m  i s  g iven  below. 

Because of t h e  l o s s  of  a t o t a l  pressure t a p  du r ing  one test  of t h e  smooth 

i m p e l l e r  c o n f i g u r a t i o n ,  t h e  p r e d i c t i o n  method f o r  t h i s  c a s e  i s  not  con- 

s i d e r e d  as a c c u r a t e  as t h e  methods f o r  o t h e r  c a s e s  t h a t  are r e p o r t e d  

h e r e i n .  

The v o r t e x  exponent ,  n ,  i s  obta ined  from f i g u r e  111-7  and t h e  tangen- 

t i a l  f l u i d  v e l o c i t y  a t  t h e  i m p e l l e r  t i p ,  Cuo, from f i g u r e  111-8. This 

i n fo rma t ion  i s  then  s u b s t i t u t e d  i n t o  t h e  g e n e r a l  v o r t e x  e q u a t i o n ,  

D. SHUTOFF FLOW FOR SMOOTH IMPELLERS 

A s  demonstrated i n  t h e  tes t  program, a forced  v o r t e x  e x i s t s  i n  a l l  

cases where t h e  pump i s  ope ra t ing  a t  s h u t o f f  f low o r  a f low c o e f f i c i e n t  

of  zero .  The p r e d i c t i o n  method f o r  t h i s  c o n d i t i o n  i s  t h e  same as d i s -  

cussed  i n  S e c t i o n  IV-B. The f l u i d  v e l o c i t y  r a t i o s  can  be found from 

f i g u r e s  111-4, o r  111-8, us ing  Cm/u = 0. 

E.  BLADEDJDISK RADIALLY OUTWARD FLDW,RADIALLY INWARD FLOW, OR 
SHUTOFF FLOW 

The r a d i a l  p r e s s u r e  d i s t r i b u t i o n  a long  t h e  bladed d i s k  was found t o  

obey t h e  forced  u o r t e x  theo ry  i f  modif ied by a s u i t a b l e  c o n s t a n t ,  as 

fo l lows :  
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The c o n s t a n t ,  K ,  was determined expe r imen ta l ly  and found t o  be s t r o n g l y  

dependent on r a d i u s ,  c l e a r a n c e ,  and b lade  h e i g h t  and t o  be l i t t l e  e f f e c t e d  

by f low c o e f f i c i e n t  from 0 t o  0.02. The fo l lowing  e q u a t i o n  w a s  de r ived  

from a s t a t i s t i c a l  f i t  o f  a l l  o f  t h e  t e s t  d a t a  ob ta ined  and r e f l e c t s  t h e  

dependence of  K on T/S, R/Ro and T :  

K 0.951 - 0 . 2 8 2  (R/Ro) + 0 . 2 1 3 7  (T/S) + 0.175 (T). 

The conf idence  i n  t h e  e f f e c t  o f  b lade  h e i g h t ,  T,  on t h e  f l u i d  v e l o c i t y  

r a t i o ,  K ,  which i s  a l i n e a r  f u n c t i o n  i n  t h e  above e q u a t i o n s ,  i s  low s i n c e  

i t  i s  based on only  two v a l u e s  of b l ade  h e i g h t .  Number of  b l a d e s  and 

d i r e c t i o n  o f  f low were found t o  have an  i n s i g n i f i c a n t  e f f e c t ,  w i t h i n  t h e  

accuracy  of  t h e  t e s t  d a t a ,  and d id  n o t  e n t e r  i n t o  t h e  r e g r e s s i o n  e q u a t i o n  

f o r  K.  

The c a l c u l a t i o n  procedure  f o r  t h e  p r e s s u r e  d i s t r i b u t i o n  u s i n g  t h e  

f o r c e d  v o r t e x  e q u a t i o n  modi f ied  w i t h  K i s  a s t ep -by- s t ep  c a l c u l a t i o n  a long  

t h e  r a d i u s  of t h e  r o t o r  s u r f a c e .  For example, t h e  p r e s s u r e  r i se  between 

two r a d i i ,  R and R2, would be c a l c u l a t e d  a s  fo l lows .  1 

1. Obta in  from f i g u r e s  111-13, 111-18, o r  111-21 a v a l u e  o f  K based 

on t h e  average  r a d i u s  between R and R 1 2 

T, and number of  b lades  f o r  t h e  r o t o r .  

and t h e  p a r t i c u l a r  T/S, 

2. C a l c u l a t e  P - P from the equa t ion  2 1 

2 2  2 2 
= yK UI / 2 g  (R2 - R1 p2 - p1 

The r o t o r  should be d iv ided  i n t o  a number of  small r a d i a l  increments  

2 
(e .g . ,  AR 

increment  a c r o s s  t h e  f a c e  of  t h e  r o t o r .  

= 2 i n . 2  works w e l l ) ,  and P - P i s  c a l c u l a t e d  f o r  each  r a d i a l  
2 1 
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SECTION V 
CONCLUSIONS 

1. The "apparent"  v o r t e x  modes f o r  each  o f  t h e  d i s k  c o n f i g u r a t i o n s  

t e s t e d  have been determined expe r imen ta l ly  and are l i s t e d  below. 

1. Smooth Disk - outward f low: fo rced  v o r t e x .  

2 .  Smooth Disk - inward flow: changing v o r t e x  depending on 

c l e a r a n c e ,  f low c o e f f i c i e n t  and r a d i a l  span.  

3. Bladed Disk - inward o r  outward f low: changing  v o r t e x  de- 

pending on r a d i a l  span,  axial  c l e a r a n c e  and b l ade  h e i g h t .  

2 .  The p r e s s u r e  d i s t r i b u t i o n  f o r  a l l  o f  t h e  bladed d i s k s  was found 

t o  be independent of  f low d i r e c t i o n  ( r a d i a l l y  inward o r  outward) ,  f low 

magnitude (@ = 0 t o  0 = 0 .02 ) ,  and s l i g h t l y  dependent  on the number of  

b l ades  (between 6 and 24). 

3 .  For bladed d i s k s  and smooth d i s k s  wi th  no. th rough f low o r  r a d i a l -  

l y  outward flow, t h e  p r e s s u r e  d i s t r i b u t i o n  h a s  been shown t o  be p re -  

d i c t a b l e  us ing  t h e  fo rced  vo r t ex  e q u a t i o n  modi f ied  by t h e  expe r imen ta l ly  

d e r i v e d  c o n s t a n t  K ,  K w a s  found t o  be a f u n c t i o n  of  a x i a l  clearance 

and f low c o e f f i c i e n t  f o r  t h e  smooth d i s k ,  

K = f(CA, @) - (See f i g u r e  111-4.) 

and f o r  t h e  bladed d i s k ,  

K = f(R/Ro, T / S ,  T) - (See f i g u r e s  111-13 and 18.) 

4. Determina t ion  of a p r e s s u r e  d i s t r i b u t i o n  p r e d i c t i o n  system f o r  

r a d i a l l y  inward f low on a smooth d i s k  h a s  been found t o  b e  complex. 

A d d i t i o n a l  t e s t i n g  and a n a l y s i s  a r e  r e q u i r e d  t o  o b t a i n  a more a c c u r a t e  

d e s c r i p t i o n  o f  t h e  v o r t e x  mode f o r  t h i s  ca se .  

v- 1 



Pratt & Whitney Rircraft 
PWA FR-952 

5. For t h e  24-blade i m p e l l e r ,  b lade  h e i g h t ,  T ,  and t h e  r a t i o  of  

b lade  h e i g h t  t o  a x i a l  c l e a r a n c e  p lus  b lade  h e i g h t ,  T / S ,  have a s t r o n g  

i n f l u e n c e  on to rque  c o e f f i c i e n t ,  CM. 

4 x 10 

b lades  i s  small ( s i x ) ,  i n  which case  t h e  e f f e c t  i s  marked. 

Reynolds numbers i n  t h e  range  of  

6 7 t o  2 x 10 have l i t t l e  i n f l u e n c e  on $ except  when t h e  number o f  

6 .  The h igh  frequency p r e s s u r e  d a t a  showed that:  t h e  peak-to-peak 

p r e s s u r e  ampl i tude  a c r o s s  hhe b lade  o f  a r o t a t i n g  d i s k  varies d i r e c t l y  

wi th  t h e  s t a t i c  p r e s s u r e  a t  each r a d i a l  l o c a t i o n  and can  be p r e d i c t e d  

by t h e  fo l lowing  e q u a t i o n  (wi th in  t h e  range  of  t h e  v a r i a b l e s  i n  t h i s  

test  pcogram): 

AP = 0.074 Ps. 

7 .  A low f requency ,  r e l a t i v e l y  h igh  ampl i tude  p r e s s u r e  o s c i l l a t i o n  

w a s  observed a c r o s s  t h e  bladed pumping s u r f a c e .  T h i s  was probably  caused 

by r e c i r c u l a t i o n  flows d i s t u r b i n g  t h e  boundary l a y e r  on t h e  c a s i n g ,  but  

w i l l  r e q u i r e  f u r t h e r  a n a l y s i s  t o  be d e f i n i t e l y  determined.  

8. Back vane b lade  h e i g h t s  g r e a t e r  t h a n  0.125 inch  should be  avoided 

i n  f u t u r e  c e n t r i f u g a l  pump des igns  because o f  u n s t a b l e  r e c i r c u l a t i o n  flows 

and h i g h e r  power consumed. 
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